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Abstract

T'his paper provides an overview of our sclection process for
proximity sensors for manipulator collision avoidance. Five
categories of sensors have been considered for this use in
space operalions: intensity of reflection, triangulation, time
of flight, capacitive, and inductive. From these categorics,
the most promising commercial and mature laboratory pro-
totype sensors have been selected and tested. After review-
ing the selection process and the experimental resulls, con-
clusions are drawn about which sensors are best and why.

1 Introduction

The safety of flight hardware in the workspace of arobot
mani pulator can only be guaranteed through robust colhi-
sion avoidance control that treats thespacecraft hardware
as obstacles, around which to navigate. Previous rescarch
addressing this problem has be broadly divided into two
classes of methods: global and Jocal. Global mcthods rely
onthe description of the obstacles inthe configuration space
of a manipulator [6]. L.ocal methods rely 011 the descrip-
tion of the obstacles and the manipulator in the Cartesian
workspace [4, 1].

Local methods employ the use of artificial forces, ex-
p ressed in the Cartesian workspace of the manipulator as
afunction of the shortest distance between the manipulator
and theobst arks [4, 1, 9]. Collisions arc prevented by mak-
ing these forces repulsive. If a goal point is specified, it will
impart a similar atiractive force onthe robot end cflector.
Actuator torques cquivalent to the sum of these specified
forces causc the motion of the real manipulator.

The maia advantage of local techuiques is that they arc
less computationally demanding than global ones, permit-
ting their usc in real-tiltlc control [4]. Further, they pro-
vide the necessary framework to deal with changing environ-
meutsand real-tilne collision avoid ance, When used with a
teleoperated manipulator, local artificial forces also provide
low level collision avoidance, while high-level path planming
of themanipulator is performed by the humanoperator.

A large problem withusing artificial forces is theneed
to dectermine the distance between the robot and its envi-
romnent. If this is to be caleulated, an accurate geometric
model of thearmand the environment hust exist a priori o1
be created from sensor information, such as computer vision.

But even if a very accurate model exists, it is computation-
ally expensive to calculate the three dimensional distances
between the modelled arm and its covironment.

The alternative is o use sensors to divectly mcasure the
dist ances between the robot andits environment. If perfect
measurcinients can be made from cach point 011 the robot’s
surface, alang the normal to the surface, then wnexpected
contact with the environment can be climinated. Obviously,
there arc no perfect sensors, and no way to provide complete
cover 4g¢ of the robot. Thekey issues then become, the
quality of thesensor data and coverage that the limited set
of these sensors mmay provide.

This report address the first of theseissues, the quality
of proximity sensor data. We have investigated the available
proximity scnsing technologies, al of which utilize five phys-
ical principles of operation: intensity of reflection,triangula-
tion, thme of flight, capacitance, and inductance.Frowm these
categorics Wr have sclectedand petformedinitial experimen-
tal evaluation of the most promising commercial products
available. We have also obtained and tested mature labora-
tory prototype sensors fromiwo of these cat cgories. ‘1 hese
intial tests were perforined on black, white, and aluminum
surfaces. (Inpreparation for more extensive testing we have
also sclected and prepared a spectrum of spacecraft surf rface
material samples.)

This report is orgauized as follows. Scction 2 provides
an overvicew of commercial and mature laboratory proto-
type scnsors that utilize the five physical principles to de-
tect distance to the environment. A discussion provides the
rcasoning behind selection of particular sensor modcels for
cxperimental testing.  Scction 3 presents the results of the
experim ental testing, of these sclected sensors. Finally, Sec-
tion 4 reviews our results anddraws conclusions about in-
dividual sensor cflicacy.

2 Secnsor Selection

To avoid thetimeand cost of sensor development, this siudy
has been juterested inacquiving and testing commercial or
mature laboratory technology only. It some cases, the sen -
sors were modificd slightly t{o increase their performance,
adjust their rauge, or make them more amenable to direet
comparison with other sensors.
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ANI.1651 1iIb (8-18)
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liaton 1i56 0-10)
Pepperl4Yiuchs NJ50 (-5
1A (-3)
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Radio Shack Micronta ( -20)
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Capacitee 41 OSCIINC: (0-158) {

Figurce 1: A table of many of the commercially available Sensors considered inthiss tudy. herighf hand side of the chart
graphically shows the advertized sensor range in centimeters,




Sclected Proximity Sensors

type modecl rangefem cost/§

Reflection SunX R S120H18AS 5-70 160
SunX 1{S1201114'1 SAS 5-70 160
SunX I{ S120HF25A8 5-40 170
SunX 1{ S720111SAS 30-300” 250
SunX RS820111S5AS 50-150 140

Aromat LLA75 5-10 1300
Idec/lzumi SAID-1.1.4 20-50 225
Sick DM 162000 10-200 3900
AMScnsors MSM1 0500  15-1500 500
Micronta Metal Del. 0-20 170
Japacitec 410 SCBNC (1-15 1900

1.aser Triang.
P-15 Triang,.
Optical‘lb];
jt wave Tol?
Induclive
Capacitive

Yigure 2: The sclected comnmercial proximity sensors and
their costs.

2.1 Commercial Sensors

By far, the majority of the scnsors considered and tested
in this study are commercially available products. I'igure1
provides a hist of most of the sensors that were investigated.
(Acoustic sensors were not considered because they will not
functioninthe vacuum of space. ) T he chait is divided hori-
zontally into the sensing tcchnologics, and vertically by corn-
pany name, mn odcl number, laser type, andrange incentime-
ters. The laser types are: (1) eye safe, (11), eye safe but do
not starcinto the beam, (1 11a) not eyc safe but visible, and
(11 Ib)not cyc safe and invisible. The sensor range is also
displayed graphically for easy comparison. Anarrow 011 the
range indicates an unk nown bound, or a bound thatdocs
not fit on the chart.

Figure 2 provides asuninary of the scnsors that were se-
lected, purchascd, and experimentally tested. A discussion
of thissclection process is provided below.

2.1.1 Intensity of Ikflcc.tie])

Optical intensity of reflection sensors are probably the most
widely availableinthe number of manufacturers, thenum -
ber of models, andthe ranges of operation. (However, there
is somc repetition, such as the Faton 15671.X1,2W, which is
the same sensor as the Sun X RS7201H15AS.) Many of these
scnsors have adjustable ranges, which arc set by turning a
potentiometer on the sensor housing. Thercfore, the ranges
listed for some sensors may not be attainable by onc sensor
setting. Also, somc sensors (sue], as those by ‘Tritronics)
did not have a miniinun value specified by the company.
Finally, thcercare versions of these sensors which have fiber
opticlight guides which carry the emitied and received light
to and from a location up to several mcters away. While this
technique eflectively collocates and shrinks the emitter and
receiver, it suffers from fiber transmission losses and a cor-
responding reduction in sensing range.

To fully test the range of intensity of reflection sensors,
a spect rumn of five modecls from SunX were selected (all of
thosclisted except 1{S1 20111“4, since il is designed for short
rangc operation). All of these scnsors were comparable in
price to cach other and other sensors not sclected. During

tests with these models, their potentiometers were sctto
maxinize the spanof distances that provide usable sensor
output.

2.1.2 Triangulation

Triangulation sensors typically project a narrow beam of
light and mcasure the location of the reflected light when
viewed from an angle.  While this technique gives accu-
rate rcadings independent of signal strength, Figure 1 in-
dicates the problems with those sensors which are commer-
cially avail able.  T'he majority have a very limited range,
andincrease their range by employing more powerful lasers
which are not eye safe. We consider eye safety animpor-
tant issue for robot proximity scnsing system that will be
used ncar ground crews and astronauts, and potentially re-
flective spacecraft surface materials. Therefore, the Aromat
1LA75 laser triangulation sensor was chiosen because it has
the most range of Class T odcls.

Alternatively, there is a smaller set of photo-clectric tri-
angulation sensors avail able. ‘1 'hese have lessresolution, but
mwch greater range and eye safety. Furt hier, they are sig-
nificantly cheaper than the laser sensors. The 1dec/lzumi
SATD-LK4 was scleet ed.

2.1.3 Time of Flight

We arc only aware of two commcercial time of flight sensors
available at rcasonable cost. The first is a laser time of
flight scnsor, the Sick 1Y M152000. At approximately $4000
and weighing 1 kilogram per sensor, we considered it to be
at the limit of acceptability for a robot proximity scnsing,
systern. However, it “was sclected since its accuracy /range
combination is the best amongst al scusors avail able.

The sccond time of flight sensor is the AM Sensors
MSM1 0500 microwave scnsor.  Operating at 10.525 Gllz,
it has arcsolution of 15 cm. Also, the sensor clectronics
arc designed to only output a measurement when the en -
vironment is moving toward the sensor, andounly above an
unspecified threshold sped. Finally, scnsor readings are up
dated at a rate prop ortional to the approach spreed. These
characteristics didnotbode well for its perforinance, but
the sensor was sclected anyway since no alternatives wer e
found.

2.1.4 Inductive and Capacitive

While many companics make inductive and capacitive sen-
sors, most are designed to be switches for very short range
(< 1 cm) asscinbly-line part presence detection. Amongst
inductive sensors, slightly longerrange models exist and are
listed inFigure 1. The most sensitive of these is the Radio
Shack Micronta, which is actually designed for buried metal
detection. However, because of its larger coil size it has a
range twice that of the ncarest industrial model.

Amongst capacitive scusors, the same lack of long range
sensors prevails,  While primarily selling standard short
range sensors, Capacitee was found to scll long range sen-
sors by special order. As a compromise between size and




range, we selected acapacitance sensor diamctar of three
inches, ona six inchreflector, The electronics which accom-
pany the scnsor were tuned at the factory for a maximum
scnsing range of six inches. Unifortunately, the special or-
der creation of the capacitance sensor is relatively expensive
( $800). Usc of Capacitec sensor electronics, with homemade
capacitor plate sensors, is a possible cost .saving alternat jve
for the future.

2 . 2 Maturc Non-Commercial Sensors

Therc are several sensors devcloped it non-industrial re-
scarch labs which nced to be mentioned. We will review
four sensors which fall in the categorics of lascr triangula-
tion and capacitance sensing. 1'wo of these sensors b ave
been tested and the results are presented later.

2.2.1 lLaser Triangulation

T'wo experimental laser triangulation sensors promisc ex-
tended range and | ess scnsitivity to envirommental surface
properties. The first has been develop for use in the RO-
TEX flight experiment [2]. Integrated into the end-cflector
of this experimental robot, are several shortrange proxim-
ity sensors andonclong range (3-50 cm)lascr triangulation
range scnsor. We attempted to obtain a version of this sen-
sor for testing, but were informed thatl no sparcs existed.
Later discussions revealed the possibility of a forth coming
commercial version of the sensor.

T'he sccond triangulation sensor is called the Hexeye, be-
ing developed at USC in conjunction with JPL (5] Phis
senso1 P rojects one beaw which is viewed by anarray of
six lincar photosensors with 12 pixels each. The output sig-
nals arc averaged and passcdihrough a ncural net trained
on specific environmental surface types. The training clim-
inates crrors duc to the peculiarities of the surface, the scn-
sor componcnts, and ambient environmental lighting. Some
experimental results with a prototypc of this sensor arc pro-
vided in Section 3.2,

2.2.2 Capacitance

T'wo capacitance scnsing methods arc being studied at
NASA Goddard SpaccFlight Center (GSFC) and Sandia
National lLaboratory [11, 8]. Thce GSI'C scnsor is similar in
design 10 that sold by Capacitec. In Section 3.4, anexperi-
mental companson will be made between these two sensors.

T'he Sandia capacitauce sensor utilizes side by side capac-
itance plates,one of which is driven, andthe other connected
to a charge amplifier. The presence of an environment mod-
ifics the total capacitance of the system, and therefore the
charge andresultant signal. Ounc of the slated advantages of
this design is thatit eliminates the nced for a driven shicld
behind the sensing capacitor, as is used inthe GSFCand
Capacitec designs. We were unable to obtain a sample sen-
sor from Sandia for testing in our lab. Rescarchers at Sandia
arc in the process of commercializing theih design, so testing
of it may bc possible in the near future.

3 Experimental 1 Jata

‘1’0 evaluate the sclected sensors, initial tests were performed
with simple environments and variation in the normal dis
tance of the scusor from thesurface. Yor the optical sensors,
black and white paper (8.5 by 11 inches) were usedas the
environmentalsurface, For the capacitive and inductive scni-
sors, a six inchsquarcaluminum plate was used. For the
microwave sensor, both types of enviromments were tried.

3.1 Infrared Intensity of Reflection

The five different SunX scnsors listed in T'able2 were tested
using black and while paper. The sensors arc designed to
have differentdistance sensitivity, sclectable by adjustment
of a potentiometeron each unit. While not as important
to thesc tests, the sensors also have variable beam widths.
For instance, the R S1206111'1 has a narrower beam than the
1s1'20111.  (TheSunX catalog should be consulted for a
comprchensive description of beam geometries.)

Figures 3 4 show the mcasured outputs of these scnsors
set at maximumrange. All five have a good response for the
white environment, utilizing most of the maximum voltage
range and responding fairly lincarly in the span of their re-
spective operating distances. However, for the black surface,
theresults arc very degraded. Notonly arc the responses
less intense, but they are not lincar with respect 10 distance,
the worst example being the 720111 inFigure 4. This degra-
dation of the response from intensity of reflection sensors for
non-white surfaces is wellknown. Unless the environment
is guaranteed to be nonspeculayand light colored, reliance
on the scnsed distance values is not advisable.
these sensors may eflectively be used as simple noncontact
swilches, instead of fall range proximity mcasurement de-
vices.

In this latter case, simple emitter/receiver diode pairs
may be considered [7]. They are more compact and cheaper
than the above tested sensors.  However, their output is
not lince ar, and they can be suscept ible to confusion from
ambicntlight sources (unless they arc modulated).

Il owever,

3.2 Triangulation

Two diflecrent types o f  triangulatidgangC sensors were
tested: infrared diode (Idee/lzumi SATD)and visible laser
(Aromatl. A40). Both project a beam of light outward and
look for the surface reflection with a position sensing device
(PSD) located to the side of the light source.Figure 5 shows
theresponse of these sensors 011 black amnd white paper en-
vironments,  Unlike the intensity of reflection sensors, the
triangulation sensors provide consistent readings indepen-
dent of surface reflectan ce, over a limited range.

For robot collision avoidance and distance scrvoing, the
SA1D is the better sensor of the two, Hirst, it has a range
about four times greater than the 1. A40. Sccond, it dots
not cmploy laser light which may require cyc protection.
Third, it is aboutl one fifth the price. Fourth, it may be
used dircctly with conventional power supplics. Fifth, the
1,A40 has spurious peaks inside of its sensing range and
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drops dow nto its minimum value reading for far positions.
The only possible advantage of the LA40 laser scnsor is its
visible, small diameter beam.

As indicated inligurce 1, laser triangulationscnsorsiend
to be designed for a shorter sensing range with very high
resolution. Longer ranges typically require lasers that arc
not cye-safe, aud thercfore undesivable for our purposes.
This is because the target market of circuit board inspection
typically requires short range and high resolution scusing,.
General purpose robot collision avoidance, however, requircs
greater range scnsing.

Another experimental laser triangulation sensor is the
USC/IPL Hexcye [5]. It utilizes six lincar sensors to de-
tect the position of the projected Jaser illumination. The
averaged scnsor clanent readings arve further processed by
a ncural network trained to eliminate range errors caused
by the unique reflection patterns of specific materials. Fig-
ure G snows theresponse of the sensor system for whitcand
black spacccraft materiale (Beta Cloth and Black Kapton)
for which it was trained.Figure 7 shows the sensor response
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Figure b: Data for triangulation sensors on black and white
test surfaces. The Idec/Izumi SA1D) uses an infrared beam,
and the Aromat 1,A40 uscs a visible laser.
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Figure 6:
white space craft materials for which its neural net has been
trained.

Data from the Hexeye sensor on black and

to several matcrials for which it was not trained. Significant
amongst these is the aluminized Kapton, which has a ncar-
mirror surface. While the measured values are inaccurate,
it is impressive that the sensor is not completely confused
by this rcflective sutface. Currently, this sensor system suf-
fers from limited range and large size, butl the next version
promises linprovement in these arcas.

3.3 Time of Flight

T'wo types of time of flight sensors were tested: laser and
microwave.  Interestingly, these scnsors provided the best
and worst results of those tested.

The microwave scnsor (AM Sensor MSM10500) results
were so poor that they are not presented. *1'0 be fair, the
scnsor is designed to determine range to a large environ-
ment, noving, toward it, It has a maximumrange of 50
feet, and a resolution of six inches. These values arc proba-
bly too large for conventional sized manipulator arms. (The
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manufacturer, AM Scnsors, has tentative plans to cicvelo]
a model with a one inch resolution.) However, the greates
p roblem with this sensor is that it requires motion between
itandthe environment for a distance to be mecasured. Also,
the rate of sensor data output is proportional 1o the speed
of approach. I the relative speed drops below the threshold,
no scnsed distance is available. For this rcason, static meca -
surcments with the sensor were mpossine. We attempted
to obtain measurciments while moving the sensor, but were
unsuccessful ininitial trials. 1 lowever,evenif the sensor
worked perfectly while inmotion, it would prove to be of
little utility for robot collision avoidance. As obstacles ap-
proach, the robot should be slowed. But with this sciisor,
slowing the robot would cause the proximity rcadings (0
slow or stop.T'hmis situation would be extremely dangerous
at best. Therefore, the microwave sensor has been removed
from farther consideration.

The second time of flight sensor (Sick 1D M112000) was the
most accurate and precise proximity sensor tested. Becausc
of this accuracy, a plot of the sensor measurcment versus
true distance appcars as a straight line. Figure 8 instcad
shows the error of the distance measurement signal from its
mcan, versus the true distance from an arbitrary reference
point. The true distance was cstablished with a very pre-
cise coordinate mcasuring machine, capable of mecasuring
micronincrements inits change of position. Also, theman-
ufacturer specified percentage errors arc shown as negative
and positlive sloped clashed lincs, for refere nee. Obviously,
this sensor performs quite well, and is expected to perform
equally weclloverits full operational range of 100-2000 mim.
If a retroreflective environment is uscd, the sensor can work
out to 100 meters.

3.4 Capacitance

T'wo diflcrent capacitive sensors were tested: the GSFC Ca-
paciflector [1 1], and the Capacitec 111PS3000/6000MCX ca-
pacitive sensor with a model 410- SC- BNC amplifier.

The GSYC Capacifieclor was tested with six inch square
aluminum plate environment, grounded and ungrounded.
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Figure 8: Error for visible laser time of flight sensing on a
white surface. (Modecl: Sick 1) M142000)

For these tests, the Capaciflector utilized the typical GSI'C
configuration of a 4 by 0.5inchscnsoron a 3.5 by 4.75 inch
reflector [1 1], Since the respounse of the Capaciflector drops
very rapidly with distance, GSFC recommends using the
logarithm of thesensoroutput, shifted to all positive values
by a constant bias value [3]. Figure 9 shows the sensor
output ploton a log-log plot to better reveal the sensor
value changes. Notice that cvenin this representation of
the scnsoroutput, the values increase more rapidly for close
proximity. T'his canbe seen as an advantage of this scnsing,
method when used with robotics, siuce higher resolution
sensing is provided for very close proximity operations [10].

The sccond capacitance sensor tested was a very similar
product from Capacitee. “I'o provide range sensing compa-
rable to the G SFC sensor, we selected the capacitive scusiug,
arca to be athrecinch disk, shielded by a six inch disk be-
hind it.The Capacitec electronics are diflerent also, since
they invertand linearize the output signal. (Thercfore, the
oulput yoltage is proportional to the rcactance, not the ca-
pacitance.) Figure 10 shows the output of this sensor for
the grounded and ungrounded aluminum plate environment.
Since the sensor was calibrated a the factory for a six inch
range, we believe that further adjustment could pull the re-
sponse curve down, out of saturation, and yicld sensit 1vity
to greated distances,

To draw a more legitimate comparison of the GSFC and
Capacitece sensors, we altached the GSFC clectronics to the
Capacitec sensing capacitor and shield. IMigure 11 shows
the output of the sensor for the grounded and ungrounded
aluminum plate plotted on a log-log graph for comparison
with Figure 9. The curves have a shmila shape, but the
range has been extended by the larger Capacitee capacitor
surface,

Finally, 10 comparc the Capacificctor output with the
Capacitec output, Iigure 12 shows the normalized inverse
(min[2]/%) of the data from Figure 1]. Not onlydoes this
compare Tavor ably with the original Capacitec data in Fig-
urc 10, butitappcarsto be a valuable way to gencrally
represent the output from a capacitance sensor. While it
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Figure 10: Dat a fromthe Capacitec sensor and process-
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measured react ante.

diminishcs the response at close range, te overall responsc
is fairly lincar with distance, and much more like an ideal
proximity scnsor,

3.5 Inductance

Most inductive proximity sensors sold commercially have
very short range and are designed as near contact switches.
However, metal detectors, cor nmonly sold in hobby shoj s,
work onthesame principle todetect metallic obstacles
buriedmany inches beneath a surface. Thercfore, we se-
lected and modified a commercially available metal detector
1o act as an inductive proximity detector.

The device sclected is the Micronta Discovery 2 mctal
detector by Radio Shack. 1t has two concentric coils, with
average diameters of nine andfive inches. Theinneronce is
drivenaundthe outer is a recciver. Yor our tests, we bypassed
the electronics provided, and supplied a driving signal at
67 56,76 Hz, 11 V pcak to peak. Figure 13 shows the peak
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Figure 11: Data from the Capacitec sensor with GSFC pro-
cessing clectronics, replotted with log-log scaling for com-
parison with Figurc 9.
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Figure 12: Dat a fromthe Capacilec sensor with GSIFC
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voltage of the received signal as a function of the distance
from the aluminummn plate environment. The results wer e
the same whenthe plate was grounded and ungrounded.
While this sensor requires a large arca, it works fairly well:
the logarithm of the response is hincar with distance, and it
is capable of scnsing to a range equalto its size. I'he main
drawbacks arc: itis completely blind to nonconductors, and
thesignalit gencrates may acid noise to other sensor signals.
Its large size is offset by the factihatit is flatand annular,
s 0 that it could effectively surround the end effecctor of a
robot arm.

4 Conclusions

This report has detailed the sclection of proximity sensors
f or manipulator collision avoid ance during space applica-
tions, T'he sensors have been chosen from amongst the

spectrum ot commercial products and mature laboratory
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Figure 13: Data from the Micronta inductive sensor for

aluminumn environment.

prototypes. Five distinct categories of scusing technology
are represented: intensity of reflection, tria ngulation, time
of flight, capacila nce, and inductance. We have sclected and
performed in itial experimental testing on several sensors o f
cach type.

Bascd on the experimental data, three sensors stand out
as most viable: the 1dec/lzumi SATD triangulation scnsor,
the Sick D M152000 laser time of flight sensor, and the Ca-
pacitec and GSFC capacitance sensor. While the 1 M152000
laser time of flight sensor is obviously the best performer,
its cost and size make it prohibitive except for specialized
applications. Yor iustance, the cost and size would not be
as large ariissue i f this sensor were to beused as an end-
cflecctor rauging device o011 the Space Shuttle Remote Manip
ulator System (RMS). However, for most applications, the
smaller size and cost of {he SA1D) triangulation sensor make
it more favorable. Within its operating range, it's accuracy
is finer than the position control capabilitics of most robot
arms.

While the laser tine of flight and triangulation sensors
arc adept at measuring distance to a point, they arc miuch
less uscful for area coverage. Altcrnatively, the capacitance
sensors promise complete area coverage if they arc fashioned
like a skin over the robot arm, While suffering inabsolute
accuracy, they can more reliably detect the presence of most
obstacles. They can also be more easily incorporated into
working surfaces, such as gnppers. In these ways, capaci-
tance sensing is a valuable complement to the more exact
proximity measuring scnsors.
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